In primary bovine fibroblasts with an hspa1b/luciferase transgene, we examined the intensity of heat-shock response (HSR) following four types of oxidative stress or heat stress (HS), and its putative relationship with changes to different cell parameters, including reactive oxygen species (ROS), the redox status of the key molecules glutathione (GSH), NADP(H) NAD(H), and the post-translational protein modifications carbonylation, S-glutathionylation, and ubiquitination. We determined the sub-lethal condition generating the maximal luciferase activity and inducible HSPA protein level for treatments with hydrogen peroxide (H 2 O 2 ), UVA-induced oxygen photo-activation, the superoxide-generating agent menadione (MN), and diamide (DA), an electrophilic and sulfhydryl reagent. The level of HSR induced by oxidative stress was the highest after DA and MN, followed by UVA and H 2 O 2 treatments, and was not correlated to the level of ROS production nor to the extent of protein Sglutathionylation or carbonylation observed immediately after stress. We found a correlation following oxidative treatments between HSR and the level of GSH/GSSG immediately after stress, and the increase in protein ubiquitination during the recovery period. Conversely, HS treatment, which led to the highest HSR level, did not generate ROS nor modified or depended on GSH redox state. Furthermore, the level of protein ubiquitination was maximum immediately after HS and lower than after MN and DA treatments thereafter. In these cells, heat-induced HSR was therefore clearly different from oxidative stress-induced HSR, in which conversely early redox changes of the major cellular thiol predicted the level of HSR and polyubiquinated proteins.
Introduction
Heat-shock response (HSR) is one of the pathways that are induced by oxidative stress. However, it is well known that different types of oxidative stress differ in their capacity to induce HSR (Wallen et al. 1997; Wirth et al. 2002) . Moreover, a same oxidative stress may lead to differential responses, depending on the cells. For instance, peroxide has been reported to successfully induce a high HSR level in one of the human cervical cancer HeLa cell lines (Doulias et al. 2007 ), but not in another one (Steels et al. 1992) nor in the human malignant glioma T98G cell line (Adachi et al. 2009 ). These data point out that HSR may primarily depend on cell physiology and how any given cell reacts to stress. The underlying cellular processes, however, remain poorly characterized although several candidate pathways have been proposed.
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HSR is well illustrated by the rapid induction of heat-shock proteins (HSP) HSPA (also known as HSP70) gene expression (Kampinga et al. 2009 )-here referred to as the group of inducible HSPA (iHSPA). Several HSP genes, including HSPA, encode proteins that are major molecular chaperones of cell proteins (Kim et al. 2013) , helping them to (re)fold or assemble correctly, or to be degraded. In cellular and animal models, it has been found that the increased level of iHSPA correlates with cytoprotection level upon a proteotoxic stress (Horowitz and Assadi 2010) .
Heat-shock transcriptional factors like HSF1 in mammalian cells are Bsensing^factors of the rate of cellular protein denaturation. An increase in the rate of denaturation in cellular proteins frees HSF1 from chaperone repression and leads to the formation of HSF1 trimers, which is competent for DNA binding activity and transcriptional activation of target genes like iHSPA (Gidalevitz et al. 2011; Vabulas et al. 2010; Westerheide et al. 2012 ).
Oxidative stress is also able to increase the rate of protein denaturation (Freeman et al. 1995; Gosslau et al. 2001; McDuffee et al. 1997; Senisterra et al. 1997) , which leads to a transient increase in protein degradation during the recovery period (Freeman et al. 1995; Shang and Taylor 2011) . It has been shown that the level of HSR and hydrophobic segments exposed after stress are correlated (Gosslau et al. 2001 ) and oxidative stress-induced HSR is associated with the disruption of HSPA-HSF1 interactions (Jacobs and Marnett 2007 ). An increase in protein denaturation following heat as well as oxidative stress generally leads to an increase in protein (poly)-ubiquitination (Figueiredo-Pereira et al. 1998; Nivon et al. 2012; Taylor et al. 2002) .
Taken together, these facts fit well with the hypothesis that oxidative stress-induced HSR is due to protein denaturation triggered by direct oxidation of proteins due to diverse reactive species that can be detected by some popular fluorescent probes (Cossarizza et al. 2009 ). However, it has been shown that even in the case of HSR induced by iodoacetamide treatment, which leads to the formation of adducts on proteins, the key event is a reduced level of the major cellular redox and antioxidant regulator, glutathione, resulting in a large increase in the rate of protein disulfide bonds (Liu et al. 1996) .
Changes in redox states of GSH, the most abundant redox cell modulator, have been observed in HeLa cells after both HS and different oxidizing treatments (Zou et al. 1998) . These data led the authors to propose that all treatments leading to HSR are able to modify the GSH redox state, which in turn induces changes in the redox state of key protein thiols. Because in vitro HSF1 DNA binding activity was, however, insensitive to DTT (Zou et al. 1998) , the authors have proposed that the redox-sensitive step is independent of HSF1 and its direct (chaperone) partners. These treatments included in particular menadione-which can both generate superoxide and form adducts with thiols when metabolized by the cell (Giulivi and Cadenas 1994) , hydrogen peroxide-which is not itself a reactive oxygen species but can generate hydroxyl radicals in the presence of metal ion in the cell (Forman et al. 2010) , and diamide-a thiol oxidant which has been reportedly shown to exert its action without reactive oxygen species (ROS) production (Pias and Aw 2002) . In CHO cells, diamide-induced HSR shows a 3-h delayed compared to the heat-induced response. It has been suggested that this delay corresponds to the time necessary between the formation of non-native disulfide bonds and protein denaturation and its detection by HSPA proteins (Freeman et al. 1995) .
Evidence, however, now exists in favor of a direct redox regulation of HSR (Rudolph and Freeman 2009; West et al. 2012) . Indeed, several cysteine residues accessible to redox regulation have been identified in the recent years to play a role in HSR induced by heat stress (Ahn and Thiele 2003) and by diverse molecules associated with oxidative stress (Mahmood et al. 2012) . Depending on the treatment and/or cell type, these cysteine residues belong either to HSF1 or to one of its associated HSP chaperones (West et al. 2012) . These data are therefore more in favor of a specific redox signaling pathway (Dinkova-Kostova 2012; Go et al. 2004) . These latter data fit well with the idea of a redox code as proposed in the recent years (Jones and Sies 2015) , in which the different redox couples present in the cell, including the thiol redox regulation of glutathione (GSH), thioredoxin (Trx) (Gorrini et al. 2013) , and free cysteine and cysteine residues in proteins , and key metabolites like NAD + /NADH and NADP + /NADPH, are major actors of a complex network of redox circuits (Jones and Sies 2015; Ying 2008) . Some of these circuits are interconnected as illustrated by GSH and NADPH redox states because NADPH is required to reduce oxidized GSH, but individual redox signaling may also be targeted in absence of global changes in the balance between anti-oxidants and oxidants in favor of the latter, generally illustrated by changes in major redox couples such as reduced (GSH) and oxidized (GSSG) GSH (Jones and Sies 2015) .
In this work, we re-examined these questions in an attempt to provide key cell parameters to predict HSR in a unique, non-cancerous, non-immortalized cell system equipped with a sensitive HSR reporter locus. By submitting these cells to sub-lethal, reversible stress conditions associated with four types of oxidative stress treatments known to induce HSR in at least some cell types, we looked for cellular factors correlated to HSR level since these treatments induced very different levels of this response.
Material and methods

Chemicals and antibodies
Hydrogen peroxide (H 2 O 2 ), tert-butyl hydroxide (t-BOOH), N-acetyl cysteine (NAC), 2,3-dimethoxy-1,4-naphthoquinone (DMNQ), 2-methyl-1,4-naphthoquinone (menadione, MN), 1,4-benzoquinone (BQ), diamide (DA), thiazolyl tetrazolium blue (MTT), buthionine sulfoximine (BSO), trichloroethanol (TCE), and D-Luciferin were purchased from Sigma-Aldrich, France. Dihydroethidium, DHE (Marker Gene technologies Inc., OR, USA), was purchased from Tebu-bio (France) and prepared as described by the manufacturer. Dihydrorhodamine 123 (DHR123) and 5-(and 6-)chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H 2 DCFDA) were purchased from Life Technologies SAS, France. The primary antibodies used in this study were antiheat-inducible HSP70 (StressMarq SMC-100A/B), antiluciferase (Sigma L 2164), anti-β-actin (Sigma AC15), antiglutathione (Santa Cruz D8 clone) and anti-lamin A/C (Santa Cruz, #sc-376248) mouse monoclonal antibodies, and anti-HSF1 (Cell Signaling Technology, #4356,), anti-phospho-HSF1(Ser326) (Epitomics, #2092-1), and anti-ubiquitin (Cell Signaling Technology, #3933) rabbit polyclonal antibodies. All secondary anti-mouse and anti-rabbit antibodies were conjugated to horseradish peroxidase (HRP) (Jackson Immun. Res.).
Cell cultures, treatments, and cell viability assay
The origin and culture of the male transgenic bovine primary fibroblasts referred to as BOV7060^were described previously ( Lelievre et al. 2010) . The hspa1b/Luciferase transgene comprises 574 bp of the flanking region and 232 bp of the non-coding 5′ extremity of the mRNA region, including the initiation codon ATG (Lelièvre unpublished, and Menck et al. 1998) . Consensus HS elements redefined recently (Jaeger et al. 2014 ) are found at two places in the promoter region and recover the sites experimentally evidenced (Christians et al. 1997) . During this study, cells from passage 6 to 15 were cultured in Bcomplete^DMEM, namely DMEM high glucose (Lonza or Gibco) supplemented with penicillin and streptomycin (100 U ml −1 ), 10% fetal bovine serum, and 2 mM glutamine at 37°C. As indicated in the text, we also used the MRC5Vi cell line that are immortalized human fibroblasts and cultured as previously described (Graindorge et al., 2015) . For cell viability experiments, cells were at 40-50% confluent on the day of the treatments, while for all other experiments, the treatments were performed when cells were 80-90% confluent and in serum-free, phenol red-free, and glutamine-free DMEM medium in which stock solutions of the different chemicals were diluted. UVA treatment was performed as described previously (Girard et al. 2013 ).
Intracellular depletion of GSH was obtained by incubating the cells in the presence of 0.5 mM BSO for 16-20 h (Girard et al. 2013) . Immediately following the treatments, the cells were rinsed twice with complete medium and then cultured in fresh complete medium for various times. Luciferase activity and cell viability were determined simultaneously, generally 5 h after the end of the treatments or as mentioned in the text. Cell viability was assessed by MTT assay as described elsewhere . Spectroscopic measurements were performed at 560 nm.
Measurement of luciferase activity
Extraction of luciferase protein was performed as described previously (Lelievre et al. 2010) . In brief, the culture medium was removed, the cells were rinsed in PBS, and 0.4 ml of luciferase extraction buffer was added per 2-cm 2 well (corresponding to 100 to 150 × 10 3 cells). The cells were scraped with the tip and the whole cell lysate was transferred to a microtube and stored at − 20°C until measurement. Dosage of luciferase activity was performed in 96-well microplates in the TriStar LB 941 Multimode Microplate Reader (Berthold Tech GmbH, Bad Wildbad, Germany). Samples with an activity level lower than 1080 relative luminescence units (RLU) mn −1 (background level) were considered null. Luciferase activity was adjusted according to the number of viable cells.
Protein extraction and western blot analysis
Total soluble proteins and chromatin-bound fractions were extracted as previously described (Girard et al. 2013) . Briefly, cells in dishes were washed with cold PBS and lysed on ice for 5 min in lysis buffer [10 mM Hepes, pH 7.5; 100 mM NaCl; 300 mM sucrose; 3 mM MgCl 2 ; 1 mM EGTA; 50 mM NaF; 20 mM glycerophosphate; 0.3% triton X-100; 0.1 mM sodium orthovanadate; and complete mini EDTA-free protease inhibitors (Roche Diagnosis)]. For detecting protein glutathionylation, lysis was performed in the presence of 10 mM N-ethylmaleimide (NEM) to block free thiol groups. At this stage, supernatants containing total soluble protein extracts were transferred into 2-ml Eppendorf tubes, the protein concentration was measured using Bradford assay, and the proteins precipitated with acetone. After removal of acetone and air drying, the pellets were dissolved in 1.5 X SDS loading buffer (150 mM Tris-HCl, pH 6.8, 3% SDS, 0.15% bromophenol blue, 150 mM β-mercaptoethanol, and 15% glycerol). The remaining biological material in the dish (chromatin-bound fraction) was recovered by adding PBS and using a scraper. This material was transferred into 1.5-ml Eppendorf tubes and centrifuged, and the pellet resuspended into 1.5 X SDS loading buffer. Protein extracts were denatured for 5 min (soluble proteins) and 20 min (chromatin-bound proteins) at 95°C. To detect glutathionylated proteins (Prot-SSG adducts), the same protocol was used except that β-mercaptoethanol was omitted in the loading buffer. Control bovine proteins (DNP-unlabeled) yielded no signal detection by anti-DNP antibodies. Gel electrophoresis and western blot analysis were performed according to standard methods as described previously (Girard et al. 2013) .
To check the amount of loaded proteins, we used two methods. BStain-free^visualization of proteins refers to fluorescent detection of proteins in gel or on blots after ingel cross-linking of trichloroethanol (TCE) after electrophoresis as described (Ladner et al. 2004) . As shown by others (Gilda and Gomes 2013) , we found that this method provided useful and complementary data to the second method based on β-actin detection. It is worth noting that TCE was omitted in cast gels for the detection of carbonylated proteins as it interferes with the primary antibody (Girard and Lelièvre, personal data) . Primary antibodies were diluted in Tris buffered saline (TBS) containing 5% BSA and 0.05% Tween 20. The membranes were then probed with the appropriate peroxidase-conjugated secondary antibody diluted in TBS containing 5% non-fat dry milk and 0.05% Tween 20. The signal detection was performed using the ECL western blotting Detection Reagents (Amersham Biosciences) or the ECL Prime western blotting detection reagents (GE Healthcare Europe GmbH, France) combined with a digital gel-imaging system (ChemiDoc XRS; Life Science BioRad). The intensity of the ubiquitination and DNP (OxyBlot) signals were quantified with ImageJ (imagej.nih.gov/ij).
Immunocytolocalization of HSPA1A and HSF1
Cells were fixed overnight at 4°C in 4% formaldehyde/PBS and permeabilized in 0.5% Triton ×100. Blocking of unspecific binding sites was performed in PBS containing 0.05% Tween 20 and 1% bovine serum albumin. Incubation with primary antibodies was performed overnight at 4°C.
Detection of intracellular ROS by DHE, DHR123, and CM-H 2 DCFDA probes
CM-H 2 DCFDA becomes H 2 DCFH after entering into the cell and is oxidized into DCF by a large array of ROS. DHR123 is a cell-permeable probe and reacts with ROS such as peroxide and peroxynitrite. DHE is preferentially oxidized by superoxide anion in ethidium bromide or chloride which is fluorescent when irradiated at 355 nm or 470-490 nm. However, other ROS may oxidize this probe which is then reportedly no more excited at 355 nm (Cossarizza et al. 2009 ). We tested two conditions: (i) probes were added to the culture media and incubated 30 min with cells before treatments; and (ii) treatments were performed first, then after washing, cells were incubated in fresh culture medium in the presence of the different probes for 15 to 30 min. After incubation with probes, cells were recovered as much as possible in the dark by trypsin treatment, and resuspended in PBS. Analysis was performed in the next hour. Cell sorting and fluorescence measurements were performed with FACS Arial (BD) or FACScalibur (BD) using standard methods.
RNA extraction and RT-PCR
After treatments, about five million OV7060 transgenic cells were detached from the culture dish with trypsin and recovered in DMEM supplemented with 10% FCS. After centrifugation, cell pellets were rinsed twice in RNAse-free PBS in low-retention RNase-free microtubes and frozen before the RNA extraction. Total RNA was extracted from batches of cells using the Rneasy Mini Kit (Qiagen France Les Ulis). RNA was treated with RNAse-free DNase I (Qiagen France Les Ulis) during extraction according to the manufacturer's instructions and eluted in elution buffer. The reverse transcription reaction was performed on 400 ng total RNA for each sample by the Superscript III enzyme and primed by random hexamers (300 ng) (Life Technologies, France) following the supplier's protocol (25°C for 5 min, 50°C for 60 min, and 70°C for 15 min). To ensure the absence of genomic DNA in each sample, minus RT control was performed under the same conditions but without reverse transcriptase. Each cDNA will be diluted to 1/100 before the qPCR. The primers used for the endogenous reference genes glyceraldehyde-3-phosphate deshydrogenase (GAPD) and succinate dehydrogenase complex flavoprotein subunit A (SDHA) have been published by Goossens et al. (2005) and by Lelievre et al. (2016) for tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta (YWHAZ). Primers have been previously published for the genes of interest, Luciferase (Bui et al. 2009 ) and bovine HSPA1A (Sagirkaya et al. 2006 ).
PCRs were performed on a StepOnePlus™ real-time PCR system (Applied Biosystems) in 25 μl final volume. Ten microliters of diluted cDNA (1/100) was added to the PCR mix consisting of 12.5 μl of 2× SybrGreen Mastermix (Applied Biosystems, Courtaboeuf, France) and 100 or 200 nM final of each primer. The thermal cycle profile started with 10 min at 95°C step followed by 40 cycles consisting of a denaturation step for 15 s at 95°C, and an annealing/extension step for 60 s at 60°C. Dissociation curves were obtained after each PCR run to ensure that a single PCR product had been amplified. Each gene was run separately and a tenfold dilution series of bovine fibroblast cDNAwas included in each run to determine the PCR efficiency and the standard curve. Assays were performed in triplicate.
The raw qRT-PCR amplification data were exported from the StepOnePlus™ software (Applied BioSystems) to the qbasePLUS software (Biogazelle, Ghent, Belgium) (Hellemans et al. 2007 ). All the Ct values were transformed into normalized relative quantities using qBase plus software.
Dosage of total and oxidized glutathione, NADPH, and NADH
We measured intracellular GSH and GSSH content using an acellular assay (V6611 GSH/GSSG-Glo assay, Promega). Bovine cells were plated at the same density (2 to 4 × 10 4 cells per well) in 24-well plates, cultured for 24 to 48 h, and then exposed to the different types of stress or mock-treated. Immediately after treatment (T0), cells were processed as recommended by the manufacturer. This yielded the calculation of total and oxidized GSH per well. The ratio of oxidized GSH vs. reduced GSSG was then calculated for each treatment. A similar protocol was followed to determine the ratio of oxidized vs. reduced NADPH and NADH using the NADP + /NADPH and NAD + /NADH Glo Assays (Promega G9081 and G9071, respectively). Finally, the normalized ratio of each experiment was obtained by dividing the ratio obtained in treated samples by the ratio obtained in mock-treated samples.
Statistical analysis
Statistical analysis was performed under SigmaPlot v11 (Systat Software, Inc., USA). Kruskal-Wallis one-way ANOVA rank test was used to compare the five or six groups of values. A statistical difference between groups was considered significant when P < 0.01. When normality (Shapiro-Wilk test) and equal variance passed, the all-pairwise multiple comparison procedures were performed according the Bonferroni t test. Otherwise, the all-pairwise multiple comparison procedures were performed according to Dunn's method. In addition, for Figs. 7 and 8, a Friedman non-parametric data test has been applied, computed on those data using R software by considering treatments as group and time for block to determine whether a significant effect of group treatment existed. This computation has been followed by non-parametric contrast test using a Bonferroni correction. These statistics allowed us to identify the group treatment(s) responsible of the effect of group.
Results
Validation of the experimental system for quantifying HSR
In this study, we assessed the level of HSR in a unique tool consisting in primary bovine fibroblasts containing one locus with several copies of an hspa1b/luciferase transgene. By exposing the cells to heat shock (44-45°C) from 5 to 30 min in a water bath (Fig. 1a) or in an incubator in an atmosphere of 95% air and 5% CO 2 (data not shown), we observed a timedependent increase of luciferase activity (Fig. 1a) that correlated with iHSPA (HSP70) and luciferase protein level (Fig. 1c) . In the absence of heat stress, the induction of luciferase activity in cells left at 37°C in the water bath or incubator was extremely limited (Fig. 1b) . Luciferase activity reached a maximum in the 4-6 h following heat stress, and its level was proportional to the intensity of heat stress (Fig. 1a ). An increase in iHSPA protein level paralleled the increase in luciferase activity (Fig. 1a) (Fig. 1b) . For the rest of this study, we therefore used a 20-to 30-min-long heat stress at 44°C (ΔT = 7°C) to assess the level of HSR after heat shock.
Choice of the treatment conditions for the four types of oxidative stress
Proteotoxic stress is generally considered as a consequence of oxidative stress, but different kinds of oxidative stress do not lead to similar HSR levels. Moreover, HSPA proteins have also been reported as anti-apoptotic agents. We then aimed at establishing treatment conditions for four kinds of oxidative stress that we selected, differing by their redox potential and their mode of action in cells (Electronic Supplementary Material Table 1 ). H 2 O 2 can lead to ROS production like hydroxyl ions and is able to change the redox cell potential and to increase the formation of disulfide bonds (Giorgio et al. 2007) . UVA induces production of ROS, among them predominantly singlet oxygen, via photosensitization reactions (Graindorge et al. 2015) . Diamide (DA) is a strong sulfhydryl reactant (Kosower and Kosower 1995) whose effect can be independent of ROS production. Finally, we examined the role of two naphtoquinones capable of producing superoxide anion by redox cycling (Klotz et al. 2014; Watanabe et al. 2004 ): DMNQ, which cannot conjugate with GSH and other cell components, and MN, which can both redox cycle and conjugate with GSH and protein thiols (arylation) (Klotz et al. 2014 ). In the bovine cells, we observed a very low DMNQinduced HSR (data not shown) and a high MN-induced HSR (see below). Furthermore, BQ, which can only conjugate, induced a very low HSR production (data not shown). We therefore compared the effect of peroxide, UVA, MN, and DA with respect to heat stress (HS) on the level of HSR. At first, bovine cells were exposed to various concentrations of H 2 O 2 , DA, and MN or doses of UVA radiations, according to previously described conditions (Girard et al. 2013; Graindorge et al. 2015) . Both luciferase activity and cell viability were recorded, allowing us to define the maximal sub-lethal time × dose treatments for observing the highest level of HSR in these cells. The kinetics of luciferase activity followed a profile very similar to that observed after heat stress, leading us to measure luciferase activity and cell viability 5 h after the end of the stress treatment (Fig. 2) . In contrast with what we observed after heat stress, the maximum level of induced luciferase activity after DA and MN treatment coincided with the maximum doses tolerated, i.e., between 0.2 and 0.3 mM for DA (Fig. 2a) and between 0.1 and 0.2 mM for MN (Fig. 2b) , suggesting that HSR and cell mechanisms of defense were related. Conversely, after H 2 O 2 treatment or UVA radiation, the level of activity per living cell was maintained but the percentage of cell death steadily increased (Fig. 2c, d ), suggesting that after these treatments, either cell survival and HSR were unrelated or HSR signaling and luciferase expression followed antagonistic Fig. 1 Validation of the level of luciferase activity derived from the hspa1b/luciferase transgene as quantitative reporter of heat-induced heat-shock response. a Bovine cells were exposed to heat shock for different incubation times, and luciferase activity was recorded at various times post-treatment. b Luciferase activity and cell viability were recorded 5 h after various heat-shock treatments. The results shown are the mean ± SD of at least three independent experiments. c Bovine cells were exposed to 45°C for the indicated periods of time and total soluble protein extracts prepared 5 h post-treatment. Induction of luciferase and HSP70/HSPA were analyzed by western blotting. Actin detection was used as loading control profiles. It is noteworthy that after these two treatments the luciferase activity was weaker than after the MN and DA treatments. The weak effect of H 2 O 2 on HSR was not due to its rapid destruction by catalase since t-BOOH treatments yielded the same results (data not shown). From these data, we selected the treatment conditions for each type of stress that were used in the rest of this study: 0.25 mM DA for 30 min, 0.1 mM MN for 12 min, 160 kJ cm −2 of UVA radiation, and 0.3 mM H 2 O 2 for 30 min.
Induction and expression of the luciferase gene reporter parallel expression of endogenous HSP70 and HSF1 activation
Applying these different stress conditions to the primary bovine fibroblasts, we observed that DA-and MN-treated cells developed the highest level of response among the oxidative stress treatments tested in this study, while H 2 O 2 -treated cells displayed a very low level of response (Fig. 3a) . The fold increase in luciferase activity induced by the four types of oxidative stress remained significantly below the level observed after heat stress (Fig. 3a) . Strikingly, the difference of fold increase in luciferase activity between the treatments with low inducers (H 2 O 2 or UVA) and each high inducer (MN or DA) was statistically significant (Fig. 3a) . We checked by western blotting the change in luciferase expression in response to the different treatments and compared it with the expression of inducible HSPA/HSP70 protein. After the least efficient inducers, UVA and peroxide, an increase in iHSP70 and luciferase protein levels was barely detectable (Fig. 3b) . In marked contrast, both endogenous HSP70 and inducible luciferase were detected 4 h after HS, DA, and MN treatment (Fig. 3b) . The increase in luciferase after the four types of oxidative stress examined here therefore paralleled a similar increase in iHSPA protein level, at least when the fold increase was above the immunoassay detection limit.
We assessed HSF1 activation by following the stressinduced electrophoretic mobility of HSF1 since it has been shown to be one assay of HSF1 activation that is better correlated to HSR level than other assays in several cases (Park and Liu 2000; Sarge et al. 1993; Tulapurkar et al. 2009 ). For that, the bovine cells were exposed to HS, MN, and H 2 O 2 as representative stresses leading to high (HS), intermediate (MN), and low (H 2 O 2 ) HSR. We found a change in the electrophoretic mobility of HSF1 immediately after HS (T0), at ½ h after MN (T0.5), and almost no change after H 2 O 2 (Electronic Supplementary Material Fig. A1a) . These results therefore indicated that early changes in the electrophoretic mobility of HSF1 induced by stress were only correlated with high HSR. Alternatively, this could mean that HSF1 activation was too low to be detected after H 2 O 2 , or that H 2 O 2 -induced HSR signaling was either not or only partially dependent on HSF1 activation respectively. To discern which hypothesis was most likely, we studied HSF1 activation by monitoring its phosphorylation on Ser 326, which is a key mark of HSF1 activation (Guettouche et al. 2005) . Unfortunately, HSF1 phosphorylation on Ser 326 was not detected in protein extracts from bovine cells likely due to a lack of antibody cross-reactivity with bovine specie (data not shown). Therefore, we decided to use an immortalized human fibroblast cell line, MRC5Vi. Like what was observed in bovine cells, a change in the electrophoretic mobility of HSF1 was clearly detected in soluble protein extracts after HS, to a lesser extent after MN, while it was barely detected after H 2 O 2 (Electronic Supplementary Material Fig. A1b ). HSF1 was barely detected in the chromatin-bound fraction in untreated cells (Ctr), found in it immediately after each of these treatments (T0) and its activation, as revealed by phosphorylation on Ser326, was observed as early as ½ h post-treatment (Electronic Supplementary Material Fig. A1b ). These data indicated that insoluble, chromatin-associated HSF1 was activated in MRC5 cells exposed to HS and the two types of oxidative stress (Electronic Supplementary Material Fig.  A1c ). Together these results strongly suggest that HSF1 activation (i.e., change in electrophoretic mobility, phosphorylation on Ser346, and recruitment at the chromatin) participates in HSR signaling after these different types of stress.
Evolution of the GSH, NADH, and NADPH redox states
We then wondered if the ratio between reduced (GSH) and oxidized (GSSG) glutathione was not a determinant in oxidative stress-induced HSR, given the major role of GSH in redox cell regulation. We measured the total amount of free and oxidized GSH and calculated the ratio of [GSH]/[GSSG] after the different treatments normalized by the same ratio observed in control cells. This normalized ratio was close to 1 or even higher after heat stress, indicating that HS did not give rise to a decrease in the relative amount of intracellular GSH compared to GSSG (Fig. 4a) . In marked contrast, this ratio decreased after the other treatments (Fig. 4a) . The lowest values for GSH redox potential were, however, observed after MN and Fig. 3 Validation of the luciferase level as a quantitative reporter of oxidative stress-induced heat-shock response. Bovine cells were exposed to 0.25 mM DA for 30 min, 0.1 mM MN for 12 min, 160 kJ cm −2 of UVA radiation, 0.3 mM H 2 O 2 for 30 min, and heat for 20 min at 44°C. Four to five hours post-treatments, hspa1a/Luciferase activity was measured (a) and iHSPA and luciferase protein levels analyzed by western blot (b). Luciferase activity is expressed as increase fold relative to untreated samples. The blots are representative of at least five independent experiments DA treatments, the highest being after peroxide treatment (Fig. 4a) . Indeed, there was a clear trend (P = 0.008, coefficient correlation = − 0.758) that the highest levels of GSH ox (GSSG) be associated with the highest fold increase in luciferase activity following oxidative stress-associated treatments (Electronic Supplementary Material Fig. A2 ).
Next, we dosed the redox state of two key metabolites that are involved in various biological processes including cell redox state, NADPH and NADH. Regarding the NADPH/NADP + couple (Fig. 4b) , we observed that H 2 O 2 , DA, UVA, and more clearly MN treatments tended to lead to lower normalized [NADPH]/[NADP+] ratios, indicating a decrease in the relative concentration of NADPH in favor of its oxidative form. In contrast, the NADH redox state displayed profiles of very different trends following these treatments (Fig. 4c) . In particular, MN treatment resulted in various levels of oxidized NADH redox states while peroxide-and UVA-treated cells displayed a redox state about five times more reductive than control cells. No changes were observed after DA treatment (Fig. 4c) . Collectively, these results suggested that after oxidative stress in the bovine primary cells, there was no correlation between HSR level and the oxidative state of the redox couple NAD + /NADH, while the redox couple NADP + / NADPH followed the same trend of oxidation as the GSH/GSSG redox couple except for DA treatment.
Levels of reactive species production following oxidative stress do not correlate with HSR
To monitor the level of reactive species produced in cells after each kind of treatment, we tested two different fluorescent probes, CM-H 2 DCFDA and DHR123 often utilized to demonstrate the presence of oxidative stress. CM-H 2 DCFDA, however, mainly react with several secondary potent oxidants derived from peroxide and peroxynitrite and may participate itself in generating radical species (Kalyanaraman et al. 2012 ). The same is true for DHR123 (Kalyanaraman et al. 2012) . To avoid direct exposure of these probes to UVA radiation and thus to allow direct comparison between the different treatments, the probes were added immediately after each treatment. Consequently, short-lived species that may be generated during each treatment should not have been detected by this approach.
Only two treatments, UVA radiation and H 2 O 2 , gave rise to a significant change in the fluorescence intensity for both CM-H2DCFDA and DHR123, with the peak intensity being more important after UVA radiation than after H 2 O 2 (Fig. 5a ). After MN and DA treatments, we observed a slight increase in the fluorescence intensity of CM-H 2 DCFDA but not of DHR123 (Fig. 5a) . To test the role of GSH in trapping reactive species formation, we also grew cells in the presence of the well-established inhibitor a c b Fig. 4 Evolution of the redox potential of GSH/GSSG (a), NADP + / NADPH (b), and NAD + /NADH (c). The normalized ratios were obtained by dividing the ratio of each redox couple obtained immediately after each treatment by the one obtained in the untreated condition of GSH biosynthesis, BSO (Griffith 1981) . After 16 to 24 h of treatment, intracellular GSH content decreased by 90% or more (Electronic Supplementary Material, Fig. A3 ). At first, it is important to note that decreasing the endogenous level of GSH led to endogenous ROS production that can be detected by the ROS probe CM-H 2 DCFDA but not DHR123 (Fig. 5a) . In cells expressing a low level of GSH, we observed a dramatic increase in the level of fluorescence generated by CM-H 2 DCFDA and DHR123 after H 2 O 2 , while the fluorescence intensities remained similar in cells with low and normal GSH content after UVA, MN, and HS (Fig. 5a) . After DA treatment, we observed a slight increase in the fluorescence intensity of CM-H 2 DCFDA but not of DHR123 (Fig. 5a) . Collectively, the results suggested a lack of correlation between ROS production and HSR in the primary bovine cells and a major role of GSH in trapping ROS production after H 2 O 2 .
Another way to assess changes in oxidant production after each treatment is to look at protein S-glutathionylation, which is the reversible catalytic formation of disulfide bridges Fig. 5 Evaluation of redox changes following the four types of oxidative stress and heat shock. Bovine primary cells were grown in the presence (+) or absence (−) of 0.5 mM BSO and treated as described in Fig. 3 . Immediately post-treatment, cells were either loaded with the ROS probes CM-H 2 DCFDA and DHR123 (N = 3 for all, except N = 2 for CM-H 2 DCFDA after DA) and analyzed by flow cytometry (a) or lysed in lysis buffer without β-mercaptoethanol and the profiles of protein glutathionylation (N = 3) determined by western blot analysis (b). Shown is a representative image of the western blot analyses between intracellular reduced glutathione (GSH) and reactive sulfhydryl in proteins in response to oxidative stress. Indeed, it has been suggested that a connection between HSR and GSH redox status could involve transient protein glutathionylation (PSSG) (Dandrea et al. 2002) . Therefore, cells were exposed to the different treatments and protein Sglutathionylation was analyzed immediately post-treatment. The results indicated that the highest level of protein Sglutathionylation was observed after UVA and MN treatment (Fig. 5b) . Conversely, DA treatment and HS resulted in barely detectable increase in glutathionylation, while peroxide treatment led to slight increase in glutathionylation compared to control cells (Fig. 5b) . The specificity of the signal detected was confirmed in cells with low GSH content due to the presence of the GSH biosynthesis inhibitor BSO during cell growth (Fig. 5b) . These results indicated that the level of radical species detected by current fluorescent probes and changes to protein glutathionylation induced by the four types of oxidative stress correlated poorly with the level of HSR.
Decreasing GSH cell content yielded increased cell death and HSR level after oxidative stress except MN treatment
We thus assessed the role of GSH cell responses to the different stresses (Fig. 6) . In GSH low cells, (i.e., BSO-treated cells), we observed a rapid increase in cell death after H 2 O 2 , UVA, and DA (Fig. 6a) . In contrast, the impact of low GSH cell content was much more limited after MN and was negligible after HS treatments (Fig. 6a) . In the absence of stress or after heat stress, the level of luciferase remained identical in GSH low and GSH normal cells (Fig. 6b) . Surprisingly, the level of luciferase activity dropped after MN treatment in GSH low cells. This, however, was not confirmed by measuring the a b Increased HSR Decreased HSR Fig. 6 Combined effect of BSO treatment, an inhibitor of GSH biosynthesis, and oxidative stress or heat shock (conditions described in Fig. 3 ) on cell viability (a) and induction of luciferase (b). In a, the star indicates a significant difference for each treatment between cells cultured in the presence (black box) or absence (white boxes) of BSO. Numbers in parentheses indicate the number of values for each treatment. In b, the ratio (stress-induced luciferase activity in BSO-treated versus BSOuntreated cells) indicated whether HSR was stimulated or reduced level of inducible HSP70, which was similarly induced by MN in GSH l o w and GSH n o r m a l cells ( Electronic Supplementary Material, Fig. A4 ). On the other hand, we observed in GSH low cells an increase in the level of luciferase activity after peroxide, UVA, and DA treatments. These data were confirmed by dosing the level of mRNA in GSH low and GSH normal cells (Electronic Supplementary Material, Fig. A5 ), indicating that the mRNA level for HSPA1, one of the stress-inducible HSPA genes, and for Luciferase increased several fold after peroxide and UVA treatments. Conversely, the mRNA level after MN treatment remained constant or decreased for HSPA1 and Luciferase respectively (Electronic Supplementary Material, Fig. A5 ). No amplification was observed without prior reverse transcription (not shown).
The level of protein polyubiquitination correlated with the level of oxidative stress-induced HSR but not the level of protein carbonylation To determine the relationship between HSR and the rate of damaged proteins, we compared the level and profiles of polyubiquitination of total cellular proteins, which is generally considered as a good indicator of a proteostatic stress (Nivon et al. 2012 ) and that of carbonylated proteins since it is one of the irreversible protein damages observed following oxidative stress (Dalle-Donne et al. 2006; Nystrom 2005) . On the Fig. 7 Comparison of the changes in protein ubiquitination profiles following the four types of oxidative stress and heat stress. Bovine cells were exposed to the different treatments as described in Fig. 3 , and the total level of protein ubiquitination was detected by western blot at various time points post-treatment. a Shown is a representative image of the western blot analyses. iHSPA/HSP70 and luciferase expression were also detected by western blot. Actin was used as a loading control. b Quantification of the level of protein ubiquination after the different treatments. ImageJ was used for the quantification. The results shown are the mean ± SD of four independent experiments. Their statistical analysis showed that the weak effect of group treatment (P = 0.08) was mainly due to MN treatment (P = 0.044) compared to the control (bracket). An ANOVA for T4 values only using a non-parametric Kruskal-Wallis test indicated a significant difference between treatments (P = 0.0304), and the post hoc analysis with Bonferroni correction showed that this effect was mainly due to two significant treatments: MN and DA (P = 0.018 and 0.025, respectively) indicated by stars average, the level of protein ubiquitination was higher than in control cells for all types of oxidative stress after 2 and 4 h of recovery (Fig. 7a) , although these differences were significant from control cells only after MN treatment (Fig. 7b) . However, the profiles of polyubiquitination at T4 were significantly different after indicated MN and DA treatments (Fig. 7b) . For each ubiquitination profile, the level of HSR as measured by detecting the level of endogenous iHSPA and luciferase proteins (Fig. 7a) paralleled the results shown in Fig. 3 , namely iHSPA level and luciferase activity were the highest at 4 h after the end of MN and DA treatments. For HS, the level of protein ubiquitination raised slightly at the end of the treatment (T0, Fig. 7b) , and then returned to the control level after 2 or 4 h of recovery. From these experiments, we concluded that the level of protein polyubiquination correlated with the level of oxidative stress-induced HSR and not at all with the heat-induced HSR level.
The level of carbonylated proteins was evaluated in the same extracts. Unlike what was described for protein polyubiquitination, it turned out to be the highest (1.7 times higher than in control cells) in H 2 O 2 -treated and UVA-treated cells immediately after the end of the treatment period (T0) and up to 2 h after recovery (Fig. 8a) . These results indicated that the level of carbonylated proteins did not correlate with the HSR level and that protein carbonylation and protein ubiquitination are two unrelated post-translational modifications induced by the different treatments used in this study.
Discussion
Genetic analyses have shown that inhibiting HSF1-mediated chaperone gene expression may lead to severe dysregulation of the cellular redox state in some tissues and cells during development (Bierkamp et al. 2010; Yan et al. 2002; Yan et al. 2005) . This indicates that chaperones are crucial for some protein functions that play a role in the regulation of the cellular redox state. In turn, it suggests that cells have developed a redox regulation of chaperone expression more complex than the sole Bsensing^of denatured proteins.
By providing a comprehensive comparison between different types of oxidative stress and heat shock, this work clearly demonstrated that in primary bovine fibroblast cells, two main HSR signaling pathways exist, although their kinetics were close (as evaluated by HSP70 and Luciferase protein and transcript levels): one induced by heat stress and another induced by oxidative stress. Nevertheless, the data we provided in this work and others suggest that the HSF1 pathway was likely activated by all the treatments tested, and its activation level related to the HSR level. Key HSF1 activation steps, like Fig. 8 Comparison of the changes in protein carbonylation profiles following the four types of oxidative stress and heat stress. Bovine cells were exposed to the different treatments as described in Fig. 3 , and the total level of protein carbonylation was detected by western blot at various time points post-treatment. a Shown is an example of protein carbonylation after DNPH derivatization of the same protein extracts analyzed in Fig. 7. b Quantification of the level of protein carbonylation after the different treatments. ImageJ was used for the quantification. The results are the mean ± SD of four independent experiments. Their statistical analysis showed that the significant effect of group treatment (P = 0.022) was mainly due to H 2 O 2 and UVA treatments (P = 0.010 and P = 0.018 respectively) compared to the control phosphorylation on Ser326, will, however, have to be measured in bovine cells to confirm these data.
First, in these cells, we failed to show any significant change in redox-associated processes and ROS production, after HS treatment conditions that were sufficient to saturate the HSR level, suggesting that HS does not trigger an oxidative-like stress response in primary bovine cells. Accordingly, a short exposure to the anti-oxidant NAC immediately before or during heat stress modified only marginally the level of heat-induced HSR (Girard and Lelièvre, unpublished) . The level of HSR and of ROS production was not modified in cells with reduced GSH content (this work). Similar results have been found in several but not all cell types as mentioned in the BIntroduction^section. Indeed, in HStreated HeLa cells, an increase in GSH oxidation much higher than in H 2 O 2 -treated cells has been observed (Zou et al. 1998) . The essential role of redox regulation in HS-induced HSR (Manalo and Liu 2001; Rokutan et al. 1996) and cell survival (Steels et al. 1992 ) has been shown in some cases. These observations also fit well with what has been shown for HSF1 activation in one HeLa cell line, namely that Cys residues in HSF1 proteins are key residues for the formation of HSF1 trimers transcriptionally active after HS (Ahn and Thiele 2003) . It remains to be determined if the formation of intermolecular disulfide bonds between these Cys residues plays a similar role in all cells, as suggested by other published works (Lu et al. 2008; Manalo et al. 2002; Manalo and Liu 2001) . Conversely, our work and those by others suggested that the well-demonstrated heat-induced protein denaturation is sufficient for HS-induced HSR (Freeman et al. 1995 ) even though we cannot exclude a role of local oxidation of key Cys residues in HSF1 proteins to regulate its activity (Lu et al. 2008) .
Of all the types of oxidative stress examined during this work, none was able at non-toxic doses to induce a level of HSR superior or similar to the one observed after HS. Indeed, all types of oxidative stress were much less tolerated than HS. Actually, earlier work (Jacquier-Sarlin and Polla 1996) had suggested from in vitro experiments that the low level of peroxide-induced HSR observed in some cases may be explained by its double action: simultaneously to its activation due to denaturation of cellular proteins, HSF1 activity can be diminished by oxidation of some of its Cys residues. One hypothesis to consider is therefore the possibility that the absence of oxidative stress symptoms after HS warrants a high HSR level triggered by protein denaturation because oxidative stress interferes with HSR signaling.
Strikingly, the treatments leading to the highest HSR level (MN, DA, and HS) in bovine cells displayed the lowest increase in reactive oxygen species detected by utilizing the two ROS probes, CM-H 2 DCFDA and DHR123, while the treatments leading to the lowest HSR level (UVA radiation and H 2 O 2 ) displayed the highest increase in reactive oxygen species. Furthermore, in HeLa cells, depletion of GSH by BSO treatment resulted in the formation of deleterious intramolecular HSF1 disulfide bonds after HS that block the heatinduced HSF1 DNA binding activity (Manalo and Liu 2001) . These data support the view that intracellular ROS production may prevent efficient HSR. However, Yu et al. have demonstrated that the expression of heat-shock protein induced by metal ions was linearly related to the cellular superoxide anion level (Yu et al. 2006) . In the present work, we showed that BSO treatment in the primary bovine cells had no consequences on HS-induced HSR and increased (UVA, H 2 O 2 , DA) or maintained (MN) HSR after the four types of oxidative stress. These data therefore do not fit with the first hypothesis since they strongly suggest that increasing intracellular ROS production or decreasing the cell content of a major antioxidant and redox regulator like GSH exacerbated HSR instead of reducing it.
An alternative hypothesis to consider is therefore that the HSR level is in relation with the level of protein denaturation. Differences in redox regulation might translate into a different level and nature of protein oxidation-induced denaturation. It has been recently demonstrated that iHSPA proteins participate in proteasome-mediated elimination of H 2 O 2 -induced carbonylated protein (Reeg et al. 2016) . In bovine cells, the level of total carbonylated proteins was found significantly but transiently higher early after peroxide and UVA treatments, which led to the highest ROS production but the weakest HSR and protein polyubiquitination levels. These results fit with what is generally admitted, i.e., that limited oxidized proteins are degraded by 20S proteasome independently of ubiquitination (Jung and Grune 2008; Shringarpure et al. 2003) . The large difference in HSR level between H 2 O 2 and UVA treatments might be due to quantitative differences in protein carbonylation that will require more sensitive methods or to another regulation (see below). In contrast, a significant increased level of protein polyubiquitination was observed 4 h after MN and DA treatment, both treatments leading to a lower or barely detectable level of ROS production, the weakest level of carbonylation but the highest oxidative stress-induced HSR. Moreover, the kinetics observed suggest that the denatured proteins are polyubiquitinated during the recovery period following these treatments to be targeted to the ubiquitin proteasome system (UPS). Strikingly, the moderate increase in protein polyubiquitination observed immediately after heat stress in bovine cells may be rather due to transient proteasome inhibition (Pajonk et al. 2005) . Our results therefore indicated that HSR and recovery-associated protein ubiquitination are correlated after some types of oxidative stress. Importantly, this is not true after HS. Different protein species are targeted by heat stress and oxidative stress as shown earlier (Freeman et al. 1995) . It will be crucial to determine whether it is the rate or the nature of proteins irreversibly damaged after some types of oxidative stress that overwhelm-or inhibit-the capacity of UPS to degrade them. Clearly, other covalent modifications of proteins (Hnat et al. 2005; Jacobs and Marnett 2007) that have not been studied in this work deserve to be examined in protein extracts and in situ since they could identify key elements to better understand the relationship between HSR, unfolded and denatured proteins, and their processing.
The extent of PSSG was neither a good predictor of HSR level in bovine cells. Indeed, a review of the literature fails to show a clear, generalizable correlation between HSR level and PSSG level as postulated earlier (Dandrea et al. 2002) . In HeLa cells, peroxide treatment yielded to the highest level of protein glutathionylation among the different stresses studied (Zou et al. 1998) while it was very limited in primary bovine cells (this study) and cells of the human type II lung epithelial A549 and endothelial ECV304 cell lines (Dandrea et al. 2002) . In bovine cells (this study) and in HeLa cells (Zou et al. 1998 ), DA-induced HSR level is high but PSSG level is low. In the A549 and ECV304 human cell lines, subtoxic DA treatment-although at doses superior to the one used in bovine cells-promotes HSR at a level that correlates with PSSG level and a decrease in reduced GSH (Dandrea et al. 2002) . DA-induced protein glutathionylation is, however, often observed at a concentration superior to 0.5 mM (Girard et al. 2013) or in relation to cell death (Hill et al. 2010 ). In addition, in bovine cells, UVA radiation gave rise to the highest extent of proteins S-glutathionylated followed by MN, which agrees with data published in CHO cells (Girard et al., 2013) , while the HSR was on average 10 times more efficient after MN than UVA radiation (this study). The mechanisms of protein S-glutathionylation are not fully established (Girard unpublished results, Sanchez-Gomez et al. 2013) but it is generally considered as a mechanism of protection of protein thiols since it is rapidly reversed after moderate oxidative attack (Sanchez-Gomez et al. 2013) . If PSSG is primarily a mechanism of protection that participates in reduction of non-native protein disulfide bonds formed after oxidative stress (Dalle-Donne et al. 2003) , it is expected to prevent protein denaturation. This may explain why its yield of formation is not a good predictor of oxidative stress-induced HSR, at least in some cellular situations.
To understand the differences in the extent of oxidative stress-induced HSR, an alternative hypothesis is to explore the role of redox regulation. The observation that the level of cellular oxidized GSH-and to a less extent oxidized NADPH-was positively correlated with the increase in HSR level following several types of oxidative stress in bovine cells brought some support to this hypothesis. However, it cannot be the sole redox response to consider insofar as HSR in response to oxidative stress is not decreased in GSH-depleted cells, as discussed above. We cannot, however, exclude a specific glutathionylation-mediated (or thioredoxinmediated) redox regulation of a member of the HSR pathway.
Forward and reverse protein glutathionylation has been demonstrated to be catalyzed by glutaredoxins and possibly glutathione S-transferase (Sanchez-Gomez et al. 2013) . PSSG may have negative or positive consequences due to inhibition of specific protein activities (Aesif et al. 2011; Chrestensen et al. 2000; Kuipers et al. 2012) . The role of PSSG in enzyme regulation and DNA binding activity is now well established (Pastore and Piemonte 2012; Sanchez-Gomez et al. 2013 ). In addition, several examples of the role for PSSG in redox signaling have also been reported (Zhang and Forman 2012) . Accordingly, the role of Cys residues in HSF1 activity that has been demonstrated after HS in HeLa cells (Ahn and Thiele 2003; Lu et al. 2008; Manalo et al. 2002; Manalo and Liu 2001) may actually be more relevant after oxidative stress in most cells.
Cell stress response is a key element in cell survival and functions, which has led to the proposal that HSPA genes belong to a group of BVitagenes^ (Calabrese et al. 2012) . In this work, we present data in favor of a regulation of Boxidative stress-induced^HSR by a global change in thiol redox state since the better correlation we observed was between the oxidative state of the key cellular GSH/GSSG redox couple and HSR levels. Interestingly, the GSH redox state has been shown to be modified in other cases of HSR (Calabrese et al. 2007; Davis et al. 2014 ). The comparison of the effect of different quinones (DMNQ, MN, BQ) brought further support to the role of GSH. MN is unique among these molecules since it is able to both conjugate directly with glutathione and protein thiols and generate superoxide through a oneelectron redox cycle when oxidized by cytochromes P450 and a few other oxidases (Giulivi and Cadenas 1994; Watanabe et al. 2004 ). The weak effect of DMNQ, which can only redox cycle, and BQ, which can only conjugate, is strongly in favor of a dual role of both thiol oxidation and protein denaturation to mediate the effect of oxidative stress on HSR. Strong HSR inducer reagents like DA and other natural molecules with strong sulfhydryl activity (Zhang et al. 2011 ) may directly react with both GSH and sensitive protein thiols, disturbing the folding of numerous proteins (Freeman et al. 1995) . However, contrary to the situation observed by Freeman et al., the absence of a measurable delay between kinetics in HSR induced by HS or oxidative stress in primary bovine cells suggests strongly that transcriptional HSR response followed similar kinetics after the different types of stress, possibly because the balance between free and chaperone-associated HSF1 molecules (Jacobs and Marnett 2007) or other HSF1-associated signaling events were also rapidly altered. HSPA proteins themselves are likely targets of redox regulation (West et al. 2012) . The extent of the response should most likely depend on the different redox networks and their dynamics in any given cell. In some cases, heat stress itself may translate into a redox stress (Liu et al. 2016) . Some of the assays presented here could be systematically performed to be able to compare the response of different cell types and different HSR inducers. Additionally, we provided data showing that fluorescent probes largely used to establish the presence of ROS in relation with HSR are inappropriate. Emerging methods (Kalyanaraman et al. 2012 ) will have to be utilized to identify the primary or secondary reactive species that could be key mediators of redox changes leading to HSR. In this way, one will be able to identify the precise redox regulation active or not in the cell and its relationship with the mode of action of different HSR inducers.
